Abstract: Coastal areas are sites of discharge of anthropogenic compounds, such as trace metals. In seawater, trace metals have a strong affinity for particulate organic matter or clay mineral and tend to accumulate in sediments. However, natural events and human activities can cause disturbances in surface sediments involving modification of chemical balances and contamination of surrounding waters. Here, we investigated the dynamics of trace metals in the Sfax coastal area (Gulf of Gabès, southern Mediterranean Sea), a shallow coastal ecosystem impacted by tides and submitted to urban/industrial effluents. We presented the spatial distribution of trace metals concentrations, their potential mobility in sediments and evaluated the potential sources of target elements in surface waters. The highest concentration levels in surficial sediments (3.51 µg/g) and surface waters (0.25 µg/L) were found for Cd. The latter showed a great affinity (50%) for the exchangeable phase while other elements (Cu, Cr and Ni) were found in most residual phases, reducing the environmental risk. Pb and Zn, associated Fe/Mn oxyhydroxides revealed potential inputs from urban and industrial effluents. Multivariate statistical analysis suggested that dissolved trace metals in surface waters were probably derived from effluents/wadis but also from sediment resuspension processes, induced by natural (tides, hydrodynamics) or anthropogenic (dredging) events. Overall, this study highlights the importance of the interactions between sediment and water column for the trace metal dynamics in very shallow coastal environments with an exacerbated pattern for Cd.
Introduction
Marine coastal areas, which represent high value eco-socio-systems, are sites of discharge and accumulation of anthropogenic compounds, such as trace metals. Trace metals may enter marine waters through rivers, effluents, runoff, and from the atmosphere [1] . In seawater, trace metals have a strong affinity for particulate organic matter or clay mineral that tend to accumulate in bottom sediments [2, 3] . However, some metals which have bound to the sediment can be remobilized and released back into the water column via hydrodynamics, biogeochemical processes and anthropogenic activities [4] . Due to their physico-chemical properties, trace metals exhibit different affinities for the various solid-phase fractions of the sediment (easily exchangeable ions, metal carbonates oxides, sulfides, organo-metallic compounds, ions in crystal lattices of minerals, etc.), which influence their transfer and bioavailability toward the water column [5, 6] . Thus, in shallow coastal systems, the dynamics of trace metals could be influenced by the interactions between water column and sediment.
The Gulf of Gabès (Tunisia), assigned as an eco-region within the Mediterranean Sea, is characterized by shallow waters, strong tides, and high phytoplankton blooms [7] with surface chlorophyll concentration exceeding 1.1 mg m −3 [8] . However, pressure due to the development of anthropogenic activities in this area has led to the deterioration of biodiversity, the loss of about 90% of marine vegetation and the widespread siltation [9] . Inputs from industrial activities may modify the mobilization-remobilization of deposited metals, increasing the availability for their uptake by phytoplankton and consequently their transfer within food webs [10] .
Many studies have been conducted to determine the impact of anthropogenic discharges on coastal ecosystems in the Gulf of Gabès. However, no study has focused on the dynamics of trace metals so far. Some works have reported metal concentrations in superficial sediments and assessed the quality of the marine ecosystem according to geochemical indexes [11] [12] [13] [14] . Nevertheless, there is a surprising lack of information on both the distribution of trace metals in the water column and mobilization-remobilization processes. Even so, the use of monitoring data is necessary for any environmental management plan aiming to reduce pollution risks and improve natural resource quality.
In this context, the objective of the present study was to better understand the local dynamics of trace metals to assess the consequences of anthropogenic activities in the shallow coastal ecosystem of the Gulf of Gabès. Firstly, we investigated the spatial distribution of trace metals concentrations and associated geochemical indexes in surficial sediments. Then, we assessed the mobility of sediment-bound metals using a sequential extraction procedure. Finally, we evaluated the potential sources of target elements in surface waters using a multivariate statistical approach.
Materials and methods

Study site
The Gulf of Gabès is located in the southeast of Tunisia (northern Africa) and includes the islands of Kerkennah and Djerba located in the north and south part of the Gulf, respectively (Figure 1 ). The Gulf of Gabès is characterized by a shallow basin which is 100 km long and 100 km wide. Due to a very low continental slope, bathymetry does not exceed 10 m over several kilometers. This particular feature leads to the highest tides of the Mediterranean Sea, with maximum amplitude of 2.3 m [15, 16] . In this area, sediments are rich in organic matter and release large quantities of nutrients allowing the extensive development of marine plants which may serve as nurseries for numerous marine organisms [17, 18] . The Gulf of Gabès is known to be highly productive and accounts for 65% of Tunisian fishing activity [8, 19, 20] .
Sfax city (34°43'N, 10°46'E; Figure 1 ) is Tunisia's second economic pole with a population of 956,000 inhabitants living around the commercial and fishing harbors. Industrialized activities include phosphate processing plants, salt works, tanneries, soap factories, textiles and a lead foundry [21] . Large amounts of metals are introduced into the Sfax coastal environment through rivers, wadis, wild landfills, municipal sewage effluents and industrial wastewaters [11, 22, 23] . The northern coast, which extends from the commercial harbor and beyond, receives rainwater inputs from the PK4 channel and urban/industrial outlets from the Ezzit wadi ( Figure 1 ) In this area, the beaches have been rehabilitated via the "Taparura" project launched in 2006. The littoral zone was dredged to remove 450,000 m 3 of contaminated sediments up to the isobath 1.5 m [24] . The southern coast extends from the commercial harbor to the southern boundary of the Salinas (Figure 1 ) Many industries release their leaching waters into the coastal zone via channels joining the El Hakmouni wadi [23, 25, 26] . Tidal and coastal currents affect transport and deposition of particles along the coast. In the inter-tidal zone, sediments are sandy-muddy and have a black or white color due to petroleum or phosphogypsum. The impact of these anthropogenic pressures can be observed in summer with occurrences of red tides resulting from processes of eutrophication and disequilibrium [27] .
Sampling and conditioning
The sediment and water samples were collected on board the Tunisian vessel "Taparura" at 20 stations covering the Sfax northern and southern coastal areas in October 2014 ( Figure 1 ; Table S1 ) Sampling was conducted along many short transects perpendicular to the shoreline. Bathymetry varied between 1 and 10 m. Stations closest to the coast (S2, S5, S11, S15) were located 300 m from the shore while those furthest offshore (S4, S9, S13, S17) were 2000 m from the coastline. In order to collect samples in similar conditions (high tide, clear sky, calm sea), sampling stations were divided into two groups: S1-S9 to the south of Sfax (collected on 18 October 2014) and S10-S17 to the north of Sfax (collected on 23 October 2014) Each transect was positioned close to potential sources of metals. Sediment sampling was not conducted at stations S3, S5, S11, S15 and S16. Seawater sampling was not conducted at stations S10 and S14 while three replicates were taken in stations S4, S9, S13 and S17. Table S1 .
Surficial sediments (0-5 cm) were collected using a Van Veen grab sampler and were stored on board in the dark in a cooler. Sub-surface waters (0.1 m depth) were manually collected from the front of the ship using pre-cleaned 60 mL LDPE bottles (Nalgene ® ) The bottles were opened below the water surface to avoid any sampling of the surface microlayer. They were rinsed three times with the respective sample before being filled, stored in two polyethylene bags and placed in a cooler. Before use, the LDPE bottles were first soaked in 10% HCl (VWR, Analytical reagent grade) for one week, then rinsed with ultrapure water (Millipore system, R = 18.2 MΩ cm −1 ), filled with 0.1% HCl (Fisher Scientific, Ultima grade) for one day, before being rinsed again with ultrapure water and filled with 0.1% HCl. LDPE bottles were stored in two polyethylene bags until use. Powderless gloves were worn during all procedures. Back in the laboratory, sediment samples were immediately frozen at −20 °C for several days before being freeze-dried, 200 µm sieved and finally homogenized before analysis. Water samples were immediately acidified at pH 2 with ultrapure HCl, wrapped in plastic bags and stored in the cold (4 °C) until analysis.
Chemical analysis
Total concentration of trace metals (As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, Ti, U, V, Zn) in sediments was determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Nexion 300X, Perkin Elmer) after digestion with a mixture of strong acids (HNO3 − HCl-HF, 1:3:1), heated on a hot-block (120 °C, 24 h) Blanks and certified marine sediment samples (MESS-4) were digested and analyzed following the same protocol in order to assess the efficiency of the method. Recovery ranged between 78 and 107% for all the elements (Table S2) For chemical sequential extractions, the standardized 3-step sequential extraction scheme proposed by the Community Bureau of Reference (BCR) was used to obtained information about geochemical fractions including: F1) exchangeable fraction (i.e. water-soluble metals associated with carbonates bound phases); F2) reducible fraction (i.e. metals in easily reducible phases or metals generally associated with Fe and Mn oxides/hydroxides) and F3) oxidizable fraction (i.e. metals mainly complexed with organic matter and pyritic compounds) The BCR protocol has been explicitly describing elsewhere [28, 29] . Briefly, all extractions were carried out by acid leaching in 50 mL metal-free polypropylene centrifuge tubes (VWR) using end-over-end agitation (30 ± 10 rpm, 20 °C, 16 h) The extracts were separated from the residues after centrifugation (3000 g, 20 min); supernatants were stored at 4 °C until analysis and residues were washed with 10 mL ultrapure water, shaken for 15 min, centrifuged and dried at 60 °C to near dryness.
Step 1 (F1) was started with 1.0 g of dry sediments and 40 mL CH3COOH (0.11 M) For Step 2 (F2), 40 mL NH2OH.HCl (0.5 M, pH 2) was added to the residue of Step 1. For Step 3 (F3), the Step 2 residue was leached using 10 mL H2O2 (8.8 M, 1 h) then heated on a hot-block (85 °C, 1 h) Another 10 mL H2O2 was added and heated at 85 °C for 1 h. Finally, 50 mL CH3COOH (1 M) was added to the residue with continuous agitation (16 h ) Note that the elemental concentrations in the Step 3 residue (i.e. fraction R) were estimated by subtracting the concentrations of the three metal fractions (F1, F2, F3 ) from the total element concentration (obtained by strong acid HNO3-HCl-HF digestion) To validate this extraction procedure, the certified sediment BCR 701 was treated in the same way as the samples. Concentrations of trace metals (As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, U, V, Zn) in extractible phases were determined by ICP-MS (Nexion 300X, Perkin Elmer); results, blanks and certified values are detailed in Table S3 as supporting information.
Concentrations of trace metals (As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, Ti, U, V, Zn) in seawater samples (i.e. total dissolved samples) were measured by Argon Gas Dilution Inductively Coupled Plasma Mass Spectrometry (AGD-ICP-MS, iCAP-Q, Thermo Scientific) with on-line addition of indium as an internal standard element to correct for instrumental drift and possible matrix effects. Because high dissolved solid contents induce ionization suppression, the AGD technique is useful for reducing sample matrix content to about 0.2% of dissolved solids before entering the plasma [30] . In AGD-ICP-MS analyses, the argon (Ar) gas flow through the nebulizer is reduced while the total Ar gas flow to the plasma is maintained by the addition of a make-up Ar gas flow to the aerosol leaving the spray chamber. The sample aerosol is thereby diluted with Ar gas inside the ICP-MS sample introduction system. Precision and accuracy of ICP-MS measurements were controlled using certified reference nearshore seawater (CASS-5) In addition, the reproducibility of the sampling procedure was verified through collection of 3 replicate samples of seawater at 4 stations (S4, S9, S13 and S17), with results detailed in Table S4 as supporting information.
Data processing and statistical analysis
The Enrichment Factor (EF) was initially developed to speculate on the origin of elements in the atmosphere [31, 32] and was progressively extended to the study of soils, sediments and other environmental materials. It is a convenient tool to evaluate the anthropogenic contribution of a metal (x) according the following equation:
where, Cx is the metal concentration, Cref is the concentration of a reference element in sediment and background matrix. Five categories are used to describe the degree of contamination in sediments [33] . EF < 2 indicates a natural origin, EF between 2-5 indicates moderate enrichment, EF between 5-20 indicates significant enrichment, EF between 20-40 indicates very high enrichment, and EF > 40 are considered to be evidence of severe enrichment. Another common criterion used to evaluate anthropogenic impact in sediment is the geoaccumulation index (Igeo), originally defined by Müller [34] :
where Cx is the metal concentration in the sample and Bx is the metal concentration in the geochemical background. Factor 1.5 is used to minimise the possible effect of lithogenic inputs in a given environment. According to the Müller's scale, the degree of contamination determined by Igeo can be classified in seven categories: uncontaminated (Igeo ≤ 0), uncontaminated to moderately contaminated (0 < Igeo ≤ 1), moderately contaminated (1 < Igeo ≤ 2), moderately to strongly contaminated (2 < Igeo ≤ 3), strongly contaminated (3 < Igeo ≤ 4), strongly to extremely contaminated (4 < Igeo ≤ 5), extremely contaminated (Igeo > 5).
To assess the sediment environmental quality, an integrated Pollution Load Index (PLI) is calculated according to Tomlinson et al. [35] . The PLI equation is defined as the n th root of contamination factors (CFi) multiplication:
where CFi is the ratio between the metal concentration and its background value. Because trace metal origin is not always well defined, Tomlinson et al. [35] recommend limiting PLI to the 5 elements showing the highest contamination factors, in order to evaluate the overall level of human induced pollution rather than enrichment of metals through geological weathering. A PLI value >1 indicates a contaminated site whereas a PLI ≤ 1 reflects no metal pollution.
The selection of the background matrix is a key parameter for assessments of EF, Igeo and PLI. However, since there are no published data sets for uncontaminated sediments on a regional scale (i.e. in the Gulf of Gabès), we used upper continental crust data as reference values in the background matrix [36, 37] . These data are often used to represent the "natural background values" in environmental studies but do not take into account the regional pre-industrial background. Therefore, we used the geochemical indexes (EF, Igeo and PLI) as indicators of relative metal contamination rather than as absolute degrees of pollution. Furthermore, the reference element should be chosen free of contamination, stable, and reflecting geogenic sources. In the literature, several lithogenic elements (Al, Fe, Li, Cs, Rh, etc.) have been used in the normalization procedure. Fe is one of the most popular reference elements because it is highly concentrated in soils and because natural inputs are usually the dominant source [38] [39] [40] [41] .
A multivariate statistical analysis approach was used to evaluate possible relationships between variables (Xlstat 2.05 statistical software) Principal Component Analysis (PCA) is a data reduction technique whereby new variables Principal Component (PC) are calculated from linear combinations of large sets of data. Loadings of new variables are defined by eigenvalues of the correlation matrix using simple linear regressions between original data. In our case, because most of the data were not normally distributed and presented a high variability, we used Spearman's rank-order correlation method (P < 0.05) instead of the Pearson method. PCA combines information on all data, and loadings indicate the relative contribution of each original variable to the new vectors [42] .
Results and discussion
Trace metal concentrations and environmental quality in surficial sediments
Trace metals (As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, Ti, U, V, Zn) concentrations in surface coastal sediments are presented in Table 1 . The sampling area can be divided into two distinct zones (Figure 1 ) In the surface sediments of the southern coast (S1-9), distributions of each element presented strong heterogeneities (Table 1) The lowest trace metal concentrations were recorded at S2 (Co, Cr, Cu, Fe, Ni, Pb, Sb, Sn and V) and S9 (As, Cd, Mo, U and Zn) and the highest ones were observed at S6-7. In the northern coast (S10-17), concentrations were high and quite homogeneous compared to those of the southern zone. Conversely to many elements, maximal values of Cd, Mo and Zn were found in the northern zone at S12 (Cd, Zn) and S14 (Mo).
Sediment quality can be discussed using biogeochemical indexes (EF, Igeo, PLI) according to the abundance of elements in sediments. In the Sfax coastal area, EF covered all classes of enrichment from natural origin to severely contaminated. The average EF values of all sampling points ranged with a degree of metal enrichment according to increasing inputs of Mn < Co < Sn < Cu < Ni < V < Ti < Pb < Zn < Cr < U < Sb < Mo < As < Cd (Table 2) The individual EF values generally fell below 2 for Co, Mn and Sn (except for S9 with EF value reaching 2.6), indicating a natural enrichment relative to the reference of pre-industrial background. Other elements such as Cu, Ni, Pb, Ti, V and Zn ranked as moderately enriched with some discrepancies over the study site. Lower EF values were found for Cu at S1, S4, S9 and S17, for Ni at S2, S9 and S10, for Ti at S7, and for V at S10 showing a minor anthropogenic impact. Conversely, higher EF values were found for Zn at S7 and S12 showing a moderate to significant enrichment for this element. In the moderately enriched elements category, Pb presented the largest range of EF values from S10 to S2. Anthropogenic Pb inputs are often associated to oil combustion processes [43, 44] . Fourati et al. [21] also observed a discrepancy in the spatial distribution of polycyclic aromatic hydrocarbons with the highest concentrations found along the Sfax southern coast. The important industrial and harbor activities in this zone could explain the Pb enrichment. Other elements such as As, Cr, Mo, Sb and U ranked as significantly enriched but Cr and Mo presented spatial disparities. Higher EF values were found for Cr in the southern part and for Mo in the northern part of the coastal area showing local specific anthropogenic inputs. However, due to numerous urban-industrial activities and to the difficulty of the assessment of the sediment source apportionment in this context, the anthropogenic sources could not be unambiguously identified. Finally, Cd showed the highest degrees of enrichment (EF > 40 at all stations) and ranked sediments of the study site as severely contaminated. 2 Igeo < 0, unpolluted; 0 < Igeo < 1, unpolluted to moderate; 1 < Igeo < 2, moderate; 2 < Igeo < 3, moderate to strong; 3 < Igeo < 4, strong; 4 < Igeo < 5, strong to extreme; Igeo > 5, extremely polluted. 3 PLI < 1, natural origin; PLI > 1, contaminated site.
According to Igeo values, all elements except Cd were ranked between unpolluted and moderately polluted. Due to the numerous Sfax urban/industrial activities, the accumulation of these elements in coastal zones is highly possible. The development of background/reference concentrations is necessary to assess precisely the anthropogenic contribution of contaminants in the Sfax coastal area. The highest Igeo values were found for Cd, ranking this element as highly polluted in the southern part of the Sfax coastal area and as highly to extremely polluted in the northern part. These results are in agreement with the EF indexes and Cd contamination cannot be ignored; indeed the origin of these anthropogenic inputs should be identified.
PLI was calculated using the 5 elements showing the highest contamination factors in sediments of the Sfax coastal area, i.e. As, Cd, Mo, Sb and U (Table 2) Highest PLI values were found on the Sfax northern coast. In this area, PLI values were homogenous and ranged from 3.0 (S17) to 4.3 (S14) On the other hand, PLI showed lower values with higher fluctuations on the southern coast, a minimum and a maximum were located at the offshore station (S9) and in front of the harbor activities (S7), respectively. According to Tomlinson et al. [35] , these sediments can be presented as contaminated, except for S9 and S2. Based on the total chemical concentrations in sediments, PLI revealed an anthropogenic influence from Sfax urban/industrial effluents and highlighted these stations as possible deposition sites for the particulate matter which might influence the water quality.
Behaviour and mobility of trace metal in surficial sediments
The potential mobility of trace metals in sediments depends on their physicochemical form [5] . Sequential extractions provide quantitative information about the distribution of elements associated with specific geochemical fractions. However, the protocols do present some limitations and should thus be viewed as operationally defined [45, 46] . For this reason, we have focused our discussion on the six certified elements (Cd, Cr, Cu, Ni, Pb and Zn).
Trace metal (Cd, Cr, Cu, Ni, Pb and Zn) distribution in various geochemical phases (F1, F2, F3 and R) is shown in Figure 2 . The extracted percent values of other trace metals (As, Co, Mn, Mo, Sb, U and V) analyzed in this study are shown in Figure S1 and all analytical results are detailed in Table  S3 . With the exception of Cd, the relative fractions of trace metals (Cr, Cu, Ni, Pb and Zn) in the exchangeable phase (F1) were generally very low and could be ignored. In F1, the mean proportions (%) of trace metals in sediments were as follows: Cd 25.6, Cr 0.9, Cu 2.6, Ni 1.4, Pb 1.0 and Zn 4.2. Spatial variations were observed for the Cd exchangeable fraction. Great discrepancies in Cd percentages were encountered in the southern part (62% at S2 and 0% at S9) and more homogeneous proportions (25.3% on average) were found on the northern coast. On average, the percentages of reducible fractions (F2) were highest for Pb and Zn (45 and 39%, respectively) and were comparable to the exchangeable phase for Cd (25.7%) The lowest proportions of trace metals in F2 were found for Cr, Cu and Ni with 11.7, 6.6 and 16.2%, respectively. In F2, no spatial pattern could be observed among the studied elements. The average proportions of Pb and Zn in the oxidizable fraction (F3) were extremely low and accounted for only 0.7 and 3.6% of its total concentrations in sediments, respectively. F3 was the most abundant non-residual phase for Cr (40.7%), Cu (23.6%) and Ni (23.5%) and was comparable to F1 and F2 for Cd (23.6%) Cu occurred mostly in the residual phase (R) ranging from 55.7 to 83.1%. High percentages in R fraction were also encountered for Cr (average 46.7%), Ni (average 58.8%), Pb (average 53.2%) and Zn (average 52.8%), whereas proportions of Cd were lower (average 26.8%) and more heterogeneous.
Trace metal bioavailability is mainly dependent on partitioning or binding strength between elements and solid phases. Metal mobility increases as binding strength decreases [47, 48] . Dissolved or weakly absorbed trace metals are more bioavailable to trophic community compared to more structurally complexes mineral-bound elements which may only become bioavailable upon ingestion with food [49] [50] [51] . In this study, Cd was equally distributed among various phases (F1, F2, F3 and R) Cd contents in F1 indicated that carbonates were important binding sites. This notion is supported by its high affinity with Ca under alkaline and oxidizing conditions [52, 53] . Furthermore, Cd may be related to the selective oxidisation of the pyrite (Fe oxides) and to the formation of siderites (secondary carbonates) capable of retaining heavy metals [54] . The presence of Cl − may also facilitate Cd immobilisation by forming chloride complexes. In cyanobacteria and phytoplankton communities, Cd is one of the most toxic metals acting through the poisoning of enzymes [55, 56] .
High EF values and the relatively significant amount of Cd in F1 may have a hazardous impact on marine biota during remobilisation processes of sediments induced by natural events or anthropogenic activities. Conversely, high contents of trace metals (Cr, Cu and Ni) in F3+R phases may reduce the environmental risk of these elements. The R phase, consisting of trace metals retained within the crystal lattice of minerals oxides is considered immobile. As described by Hamzeh et al. [57] , Cr may form strong bonds with silicates, thus rendering this element less mobile. Ni is usually expected in the residual phase [58] . According to Bruemer et al. [59] , this element has a high attraction for clay minerals due the strong stabilization energy of Ni
2+
. Numerous studies show that Cu easily forms complexes with organic matter due to the high stability constant of the metalligand complex [60, 61] . Usually, no sulfides are present in oxidized surface sediments; hence trace metals in the F3 phase may associated with organic matter still labile and possibly released in the water column during physical events (e.g. tides, currents) In the non-residual fraction, Pb and Zn were associated with F2, showing a notable affinity for Fe/Mn oxides. Our results were in agreement with the well-known ability of amorphous Fe/Mn oxides to scavenge Pb [62, 63] . Due to the high stability constants of Zn oxides, these oxides may also occlude Zn in the lattice structures [64, 65] . is the reducible fraction, F3 is the oxidizable fraction and R is the residual fraction.
Levels, potential toxicity and sources of dissolved metals in surface waters
The concentration ranges of total dissolved trace metals (As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sn, Ti, U, V, Zn) in subsurface waters are presented in Table 3 . The majority of coastal stations (S2, S5, S11, S15) were characterized by concentrations of total dissolved trace metals higher than those observed in most offshore stations (S4, S9, S17), although no clear spatial distribution (north- S2 S4 S6 S7 S8 S9 S10 S12 S13 S14 S17
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Pb -µg/g Pb fractions 0   25   50   75   100   0%   25%   50%   75%   100%   S1  S2  S4  S6  S7  S8  S9  S10  S12  S13  S14  S17 Zn -µg/g Zn fractions south) was observed. Despite this great heterogeneity, the southern zone tends to have lower concentrations of trace metals than the northern zone, except for Cd, Sn and Zn. In order to evaluate the anthropogenic influence on coastal waters, the European Community has developed health-based standards (2000/60/EC and 2008/56/EC directives) to protect pelagic organisms from direct chemical toxicities [66, 67] . The OSPAR [68] commission recommends the use of Environmental Assessment Criteria (EAC) as a tool for environmental management. Among the 33 priority substances, As, Cd, Cr, Cu, Ni, Pb and Zn are listed as hazardous chemicals for marine ecosystems as follows: i) below the lower EAC values, dissolved trace metals should not impact biological activity; ii) between the lower and upper EAC values, biological effects are possible and management action should be taken to identify the reasons for elevated levels; iii) above the upper EAC values, long-term biological effects are likely and acute biological effects are possible. In the Sfax coastal area, measured Pb and Cr concentrations were below and in the region of the min-EAC values, respectively, total dissolved As levels were in the middle range of the EAC values, while concentrations above the max-EAC values were found for Cu, Ni and Zn (Table 3) According to this classification, Cd could impact severely the biological activity at the most nearshore coastal stations.
PCA was used to discriminate processes controlling the variability of total dissolved trace metals throughout the Sfax coastal area. Significant correlations were found between 15 original variables (As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sn, Ti, U, V, Zn) and new variables. Details of statistical analyses are given in Table S5 (Spearman correlation matrix) and Table S6 (Varimax rotation matrix) Original variables were reduced to three PC (eigenvalues higher than 1) and covered 90% of the total variance. PC1, which described 54% of the variance, had a high positive variable loading (>0.7) for all elements except Mo, Ni, Sn and Zn (Figure 3a) PC2, which described 24% of the variance, had a positive variable loading (>0.6) for Cr, Ni, Sn and Zn and a negative variable loading (<−0.6) for Mo (Figure 3a ,c) PC3, which described 12% of the variance, had a positive variable loading (>0.5) for Sn and U and a negative loading (>−0.5) for Cu and Pb (Figure 3c ). Table 3 . Total dissolved trace metal concentrations (µg/L) in subsurface waters of the Sfax coastal area (Gulf of Gabès, Tunisia), and comparison with European and Mediterranean directives. Seawater sampling was not conducted at stations S10 and S14; three replicates were taken in stations S4, S9, S13 and S17. The scatter plot corresponding to the first two components (PC1-PC2) showed geographical distribution between stations (Figure 3b ) The nearest coastal stations (S7, S15) coincided with the increase of total dissolved trace metals concentrations and were in opposition with to the furthest offshore stations (S4, S9, S17) PC1 underlined the occurrence of offshore-to-coast gradients in the distribution of trace metals. Earlier in this study, geochemical indexes (EF, Igeo and PLI) showed that trace metals distribution in sediments could be linked to inputs from Sfax urban/industrial effluents. PC2 revealed the presence of two groups of stations (Figure 3b) The first group includes all southern stations (except S6) that were characterized by positive PC2 associated with high Cr, Ni, Sn and Zn concentrations. The second group is composed of all northern stations (except S11) that were characterized by negative PC2 associated with high Mo concentrations. The exception, S11, is a northern coastal station receiving the outlet of the PK4 channel. Implemented in 1982 to protect the city of Sfax against flood events, the PK4 channel crosses the city from southwest to northeast [23] , making S11 a more "typical southern station" than other stations in the northern zone. Conversely, the exception, S6, is a southern station located in front of the commercial harbor. To maintain harbor activities, dredging campaigns are undertaken every 10 years and can modify the chemical characteristics of this station. The scatter plot of stations corresponding to PC2-PC3 showed that dissolved trace metals concentrations could be explained by both natural and anthropogenic inputs (Figure 3d ) Stations S2 and S7 presented a high positive PC2-PC3 that was significantly correlated with Cr, Ni, Sn, U and Zn concentrations. Stations S2 and S7 were located in front of the outlet of El Maou wadi and the fishing harbor, respectively. As explained previously, Zn presents a moderate to significant enrichment in sediment which may be linked to the discharge of urban/industrial effluents. Regarding dissolved U concentrations, Papanicolaou et al. [69] already observed a linear correlation between phosphogypsum solubility and U levels. Hence, S2 and S7 (and other southern stations) may be impacted by urban/industrial effluents including phosphogypsum activities. S8 and S11 showed a high positive PC2 and a high negative PC3. Both stations were located in front of the harbor area and the outlet of the PK4 channel, respectively. Both stations have recently been dredged to maintain harbor activities in the southern zone (S8) and to restore the northern coastal area (S11, Taparura projet) As explained previously, Cr, Cu and Ni present high affinities for organic matter or mineral oxides forms. Due to complexation processes, inputs of trace metals by urban/industrial effluents can be removed from seawater and export them to surface sediments.
Conversely, the northernmost stations (S15, S16 and S17) presented a high negative PC2 and a high positive PC3, underscoring a correlation with As, Mo and U. These latter elements are recognized as typical tracers of phosphogypsum [70] [71] [72] . In 2006, the northern zone was dredged in order to remove 450,000 m 3 of contaminated sediments to reduce environmental impact of urban/industrial effluents [24, 71] . However, some trace metals present high EF (e.g. As, Mo and U) Many processes are able of sequestrating remobilized trace metals in sediments: microbial oxidation, bioturbation, geochemical gradients (e.g. salinity, redox, turbidity) and also tidal currents, wind waves, flooding, ship traffic, dredging, fishing [4, 73] . These results are in agreement with As, Mo and U distribution in the different geochemical phases (F1, F2, F3 and R) of sediments ( Figure S1 ) The fractionation of these elements showed high concentrations (about 50%) in F1, the most exchangeable phase, revealing a high potential of remobilization. 
Conclusion
This work evidenced the dynamics and potential environmental impact of trace metals in an archetypal shallow coastal ecosystem, i.e, the Gulf of Gabès (southern Mediterranean Sea), which is now clearly identified as one of the eleven "consensus" eco-regions of the Mediterranean Sea [7] . We found the occurrence of discrete zones of higher concentrations of some trace metals in seawater and/or sediments.
Cd showed a great affinity (50%) for the exchangeable fraction supported by its high affinity for Ca in alkaline sediments of the Gulf of Gabès. Due to high EF values (>40) in sediments, the mineral Finally, we highlight that dissolved trace metals in surface waters were probably derived from industrial and urban effluents/wadis but also from sediment resuspension processes, induced by natural (tides, hydrodynamics) or anthropogenic (dredging) events.
